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1.  Introduction 


The  development  of  stimuli  responsive  films  has  been  explored  and  studied  for  many 
applications,  including  tissue  engineering  ( 1 ,  2),  permeable  membranes  (3),  and  packaging 
materials  (4).  These  materials  undergo  a  dramatic  change  in  their  physical  properties  due  to  a 
global  radiation  stimulus,  such  as  temperature,  pH,  or  light.  Such  responsive  materials  impart 
utility  to  the  user  and  create  a  platform  for  the  development  of  more  complex  devices. 

Block  copolymer  phase  separation  has  been  employed  as  an  approach  to  prepare  functionalized 
polymer  surfaces.  A  wide  range  of  techniques  have  been  utilized  to  study  and  prepare  phase 
segregated  polymer  surfaces  ( 5-1 7).  Of  particular  relevance  is  the  work  of  the  Koberstein  group, 
which  has  not  only  prepared  a  variety  of  systems  focusing  on  the  effects  of  variations  in  polymer 
architecture  and  composition,  but  also  provided  extensive  modeling  of  their  systems  to  explain 
the  observed  phenomena  (18, 19).  They  have  demonstrated  the  mobilization,  also  referred  to  as 
“blooming,”  of  chain-end  fluorinated  poly(styrene)  (PS)  to  the  surface  of  a 
poly(dimethylsiloxane)  (PDMS)  spin  coated  fdm.  It  was  found  that  the  key  driving  force  for 
blooming  is  the  reduction  of  surface  energy.  One  limiting  characteristic  of  this  approach  is  that 
the  blooming  of  molecules  immediately  occurs.  For  some  applications,  it  may  be  more 
important  to  control  the  timing  with  which  the  surface  of  a  material  is  modified. 

Diels- Alder  (DA)  chemistry  offers  the  needed  characteristics  to  control  the  blooming  of 
polymers  to  the  surface  (20,  21).  Recently,  many  research  groups  have  exploited  the 
combination  of  DA  chemistry  and  block  copolymers  to  prepare  organic-inorganic  polymer 
hybrids  (22),  thermoplastic  elastomers  (23,  24),  polyurethanes,  and  foams  (4).  The  goal  of  this 
study  is  the  fabrication  of  a  fdm  that  is  sensitive  to  a  global,  external  stimulus.  We  propose 
using  DA  chemistry  to  create  appropriate  block  copolymer  ligands  which  would  be  used  to 
disperse  nanoparticles  in  a  polymer  matrix.  Due  to  the  temperature  dependent  reversibility  of  the 
DA  linkage  between  the  two  blocks  in  the  ligand,  application  of  appropriate  thermal  conditions 
should  sever  the  outer  block  of  the  ligand,  resulting  in  a  particle  that  is  modified  with  a  ligand 
that  renders  the  particle  immiscible  in  the  polymer  matrix.  The  combination  of  immiscibility  and 
mobility  at  elevated  temperatures  should  allow  the  functional  particles  to  bloom  to  the  surface  of 
the  polymer  film,  completing  the  material  response  to  the  external  stimulus. 


2.  Experimental 


2.1  Materials 

All  materials  were  purchased  from  commercially  available  sources.  Styrene  was  dried  with 
CaH2  and  distilled  under  vacuum.  All  other  materials  were  used  without  further  purification. 
a-Mercapto-ro-methoxy  PEG  and  a-mercapto-w-methoxy  PS-b-PEG  were  donated  from  the 
University  of  California  at  Davis  (25). 


1 


2.2  Instrumentation  and  Analysis 

2.2.1  Nuclear  Magnetic  Resonance 

'H  and  13C  nuclear  magnetic  resonance  (NMR)  were  conducted  on  a  Bruker-Biospin  600-MHz 
Ultrashield  Avance  spectrometer  with  a  standard  bore  broadband  probe  (5-mm-OD  tubes, 

32  scans,  5-s  dl).  Spectra  were  recorded  in  CDCI3,  and  all  resonances  were  reported  as  ppm 
reference  to  the  residual  solvent  peak  (5  7.26  ppm).  Number  average  molecular  weights  (Mn) 
and  polydispersities  (PDI)  were  determined  using  a  gel-permeation  chromatography  (GPC)  in 
tetrahydrofuran  (THF)  at  25  °C  and  at  a  flow  rate  of  1.00  mL/min.  Three  Polymer  Standards 
Service  columns  (103  A,  104  A,  and  105  A)  were  connected  in  a  series  to  a  high-performance 
liquid  chromatography  (HPLC)  isocratic  pump,  autosampler,  ultraviolet  detector,  and  Wyatt 
DAWN  MALLS  and  OPTLAB  refractive  index  detector. 

2.2.2  Contact  Angle  Measurements 

Contact  angle  measurements  were  recorded  using  a  goniometer  equipped  with  a  charge-coupled- 
device  camera  and  an  image  capture  program  employing  LabView  software.  Contact  angles 
were  measured  using  HPLC-grade  water  by  defining  a  circle  about  the  drop  and  recording  the 
tangent  angle  formed  at  the  substrate  surface. 

2.2.3  Transmission  Electron  Microscopy 

Transmission  electron  microscopy  (TEM)  was  completed  using  a  JEOL  200  CX  instrument 
operated  at  120-kV  accelerating  voltage.  Samples  of  ligand-modified  particles  for  TEM  were 
prepared  by  drop-casting  solutions  of  the  particles  in  THF  onto  Formvar-coated  TEM  grids. 
Image  analysis  for  particle  size  and  distribution  was  performed  using  ImageJ,  available  free  of 
charge  from  the  National  Institute  of  Health  (NIH)  website  (26).  Threshold  was  set  to  include  at 
least  2000  counts  using  100  bins  with  a  minimum  pixel  size  of  5. 

2.2.4  Rutherford  Backscattering  Spectroscopy 

Rutherford  backscattering  spectroscopy  (RBS)  experiments  were  performed  using  1 ,2-MeV  He+ 
ion  beams  from  an  NEC  5  SDH-2  tandem  positive  ion  accelerator.  The  backscattering  angle  was 
170°,  and  the  solid  angle  of  the  surface  barrier  detector  was  approximately  4  millisteradians. 
When  it  was  necessary  to  enhance  the  depth  resolution,  the  samples  were  titled  with  respect  to 
the  beam  in  an  “IBM”  configuration:  the  surface  normal  coplanar  with  the  incoming  ion  beam 
and  the  direction  of  the  scattered  ions.  All  spectra  were  fit  and  interpreted  using  the  program 
RUMP  (27). 

2.2.5  Small-Angle  X-ray  Scattering 

Small-angle  x-ray  scattering  (SAXS)  data  were  collected  using  the  U.S.  Army  Research 
Laboratory  SAXS  instrument,  which  consists  of  a  Rigaku  Ultraxl8  rotating  Cu  anode  x-ray 
generator  (operated  at  40  kV,  115  mA),  a  customized  1.5-m  three  pinhole  camera,  and  a 
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molecular  metrology  two-dimensional  (2-D)  multiwire  area  detector.  Cu-Ka  radiation  was 
selected  using  a  Ni  filter.  The  sample-to-detector  distance  was  approximately  1.1m.  Liquid 
samples  were  run  using  a  molecular  metrology  liquid  sample  cell  in  which  the  sample  is 
contained  between  mica  windows  and  has  a  sample  thickness  of  1  mm.  Two-dimensional  data 
were  corrected  for  background  and  detector  noise  prior  to  azimuthally  averaging.  One¬ 
dimensional  data  are  presented  as  intensity,  I(q),  as  a  function  of  the  magnitude  of  the  scattering 
vector,  q  =  4jrsin(0)A,,  where  20  is  the  scattering  angle  and  X  is  the  x-ray  wavelength  (1.542  A). 
Absolute  scaling  was  achieved  using  type-2  glassy  carbon  as  a  secondary  standard  (28).  All  data 
corrections  and  analysis  were  performed  using  Wavemetrics  Igor  Pro  5.04B  and  procedure 
packages  compiled  by  Dr.  Jan  Ilavsky  of  the  Argonne  National  Laboratory.  To  analyze  particle 
size,  SAXS  data  were  collected  from  oleylamine-stabilized  Au  particles  in  toluene  (29).  The 
ligand  was  used  to  promote  solubility  of  the  particles  and  prevent  particle  aggregation. 
Oleylamine  was  chosen  specifically  for  its  low  molecular  weight,  simplifying  the  modeling  of 
the  particle  form  factor.  Successive  dilutions  were  examined  until  no  evidence  of  interparticle 
scattering  was  observed,  which  was  found  empirically  to  occur  at  a  concentration  of 
0.148  mg/mL  of  the  stabilized  Au  particles.  To  analyze  particle  size,  a  log-normal  size 
distribution  of  particle  volume  was  input  into  the  form  factor  for  a  spherical  particle,  generating 
model  scattering  data. 

2.3  Synthesis  of  Materials 

2.3.1  Synthesis  of  Furyl-2-Bromopropionate  (1) 

Furyl  alcohol  (5.00  mL,  58.0  mmol),  triethylamine  (EtjN)  (10.5  mL,  75.4  mmol),  and  CH2CI2 
(150  mL)  were  added  to  a  250-mL  round  bottom  flask  and  cooled  to  0  °C.  Next,  2-bromoprionyl 
bromide  (7.30  mL,  69.0  mmol)  was  added  dropwise  slowly.  The  reaction  mixture  was  stirred  at 
RT  for  12  hr.  H2O  (150  mL)  was  added,  and  the  reaction  was  then  extracted  with  CH2CI2  (2  x 
100  mL),  which  was  collected  and  dried  over  anhydrous  MgSCL.  Solvent  was  removed  via 
rotary  evaporation  to  yield  1  (12.1  g,  89  %)  as  a  yellow  liquid,  'h  NMR:  8  (ppm)  7.42  (1  H,  s), 
6.42  (1  H,  d),  6.38  (1  H,  d),  5.13  (2  H,  q),  4.37  (1H,  q),  1.79  (1H,  d);  13C  {!H}  NMR  169.9, 
148.7,  143.5,  1 1 1.7,  1 10.7,  59.3,  39.6,  21.6. 

2.3.2  Synthesis  of  Furyl  S-Thiobenzoyl-2-Thiopropionate  (2) 

Compound  1  and  a  stir  bar  were  loaded  into  a  100-mL  schlenk  flask  which  was  vacuum/ 
backfilled  three  times  with  N2.  THF  (20  mL)  was  added  and  the  reaction  was  stirred.  In  a 
25 -mL  round  bottom  flask,  a  stir  bar  was  loaded  and  then  vacuum/backfilled  three  times  with  N2. 
Phenyl  magnesium  chloride  (12.8  mL,  25.7  mmol)  and  THF  (10  mL)  were  then  added.  The 
25-mL  round  bottom  flask  was  cooled  to  -78  °C,  and  while  stirring  CS2  (1.50  mL,  25.7  mmol) 
was  added.  The  reaction  stirred  for  15  min  at  -78  °C  and  then  for  1  hr  at  room  temperature.  The 
contents  of  the  round  bottom  flask  were  then  transferred  to  the  100-mL  schlenk  flask  via 
cannula,  and  the  reaction  stirred  for  5  hr  at  RT.  The  reaction  mixture  was  partitioned  after  the 
addition  of  H2O  (75  mL).  The  aqueous  layer  was  then  extracted  with  EtOAc  (2  x  50  mL),  and 
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the  organic  layers  were  combined  and  dried  over  anhydrous  MgSCL.  Solvent  was  removed  via 
rotary  evaporation  to  yield  2  (6.3 1  g,  96  %)  as  a  red  liquid.  1 H  NMR:  5  (ppm)  7.94  (1  H,  d), 
7.55  (2  H,  t),  7.42  (1  H,  s),  7.39  (2  H,  t),  6.42  (1  H,  d),  6.38  (1  H,  d),  5.13  (2  H,  s),  4.75  (1  H,  q), 
1.79  (3  H,  d);  13C  {'H}  NMR  225.5,  170.9,  149.0,  144.5,  143.5,  132.8,  128.9,  127.0,  111.7, 
110.7,  59.3,48.7,  17.4. 

2.3.3  Synthesis  of  a-methoxy-co-maleimido  poly(ethylene  glycol)  (Polymer  1) 

Poly(ethylene  glycol)  (550  g/mol;  PDI  <  1.05)  (5.00  g,  9.10  mmol),  Et3N  (1.68  mL,  12.0  mmol), 
CH2CI2  (80  mL),  and  a  stir  bar  were  placed  into  a  250-mL  flat  bottom  flask  and  cooled  to  0  °C. 
Methanesulfonyl  chloride  (0.78  mL,  10.0  mmol)  was  added  dropwise  slowly.  The  flask  was 
warmed  to  room  temperature  and  stirred  for  4  hr.  Next,  solid  K2CO3  (2  g)  and  maleimide 
(1.16  g,  12.0  mmol)  dissolved  in  THF  (20  mL)  were  added.  The  reaction  was  then  stirred  at 
reflux  for  12  hr.  The  reaction  was  cooled  to  room  temperature  and  extracted  with  CH2CI2 
(3  x  100  mL),  which  was  collected  and  dried  over  anhydrous  MgSCL.  Solvent  was  removed  via 
rotary  evaporation  to  yield  polymer  1  (5.45  g,  95  %)  as  a  yellow  oil.  *H  NMR:  5  (ppm)  6.55 
(1  H,  s),  4.25  (2  H,  t),  3.41-3.68  (38  H,  m). 

2.3.4  RAFT  Polymerization  of  a-furyl-oo-S-thiobenzoyl  poly(styrene)  (Polymer  2) 

Compound  2  (1.00  g,  3.24  mmol),  azobisisobutyronitrile  (AIBN)  (780  mg,  4.80  mmol),  styrene 
(18.4  mL,  160  mmol),  THF  (40  mL),  and  a  stir  bar  were  added  to  a  100-mL  round  bottom  flask. 
The  reaction  mixture  was  purged  with  N2  for  30  min  and  then  heated  at  70  °C  for  19  hr.  The 
reaction  was  cooled  to  RT,  and  the  polymer  was  isolated  by  precipitation  into  CH3OH  to  isolate 
polymer  2  (1 1.0  g,  67%)  as  a  pink  powder.  GPC:  Mn  -  4600  g/mol  (PDI  -  1.14). 

2.3.5  Reduction  of  a-furyl-co-S-thiobenzoyl  poly(styrene)  (Polymer  3) 

Polymer  2(10. 6  g,  2.3  mmol)  and  a  stir  bar  were  loaded  into  a  250-mL  flat  bottom  flask.  THF 
(70  mL),  EtOH  (70  mL),  and  NaBH4  (870  mg,  23  mmol)  were  added  to  the  flask  in  that  order. 
The  reaction  stirred  for  20  hr  at  RT.  Solvent  was  removed  via  rotary  evaporation.  THF  (10  mL) 
was  added,  and  subsequent  precipitation  into  CH3OH  yielded  polymer  3  (quantitative  yield)  as  a 
white  powder. 

2.3.6  Diels-Alder  Reaction  Between  Polymer  1  and  2  (l-DA-2  Copolymer) 

Polymer  1  (1.3  g,  2.0  mmol),  polymer  2  (0.75  g,  0.19  mmol),  THF  (7  mL),  and  a  stir  bar  were 
loaded  into  a  15-mL  round  bottom  flask.  The  reaction  was  stirred  at  60  °C  for  5  days.  The 
reaction  was  cooled  to  RT  and  upon  precipitation  into  CH3OH  yielded  l-DA-2  copolymer 
(200  mg,  23%)  as  a  white  powder.  To  demonstrate  reversibility,  l-DA-3  copolymer  (100  mg, 
0.022  mmol),  toluene  (4  mL),  and  a  stir  bar  were  loaded  into  a  10-mL  round  bottom  flask.  The 
reaction  was  stirred  at  90  °C  for  12  hr.  The  reaction  was  cooled  to  RT  and  an  analytic  sample 
was  isolated  from  precipitation  into  CH3OH  (see  figure  1)  for  'H  NMR  spectra. 
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Figure  1.  Top:  Schematic  of  model  compounds  utilized  to  demonstrate  reversible  Diels- Alder  chemistry. 

Bottom:  1 H  NMR  of  polymer  1 ,  polymer  2,  and  1  -DA-2-copolymer.  (a)  1 H  NMR  of  polymer  1 ; 

(b)  1H  NMR  of  polymer  2;  (c)  1H  NMR  of  isolated  polymer  after  heating  polymer  1  and  polymer  2 
at  60  °C  for  5  days,  resulting  in  l-DA-2-copolymer;  (d)  1H  NMR  of  isolated  polymer  after  heating 
l-DA-2-copolymer  at  90  °C  for  12  hr,  resulting  in  polymer  2.  (Note:  A,  B,  and  C  are  offset  by  0.90, 
0.59,  and  0.27  a.u.,  respectively,  for  clarity.) 

2.3.7  Preparation  of  Furyl  Functionalized  Au  Nanoparticles  (Polymer  3-Au) 

Polymer  3  (4.6  g,  1.0  mmol),  toluene  (25  mL),  and  a  stir  bar  were  loaded  into  a  100-mL  round 
bottom  flask  and  stirred  at  reflux.  Next,  Au  nanoparticles  (81  mg,  ~  0.8  mmol  of  ligand) 
suspended  in  toluene  (10  mL)  were  added,  and  the  reaction  proceeded  to  stir  at  reflux  for  2  hr. 
The  reaction  was  cooled  to  RT,  and  the  particles  were  isolated  by  a  series  of  centrifugation, 
decanting,  and  resuspension  (5x)  with  THF/EtOH  (3:2).  Volatile  materials  were  removed  under 
vacuum  to  yield  polymer  3-Au  (1 .3  g)  as  a  magenta  powder. 

2.3.8  Functionalization  of  Au  Nanoparticles  With  a-mercapto-co-methoxy  (PEG-p(St)-Au) 

a-Mercapto-co-methoxy  PEG  (500  mg,  0. 1  mmol),  toluene  (8  mL),  and  a  stir  bar  were  loaded 
into  a  25-mL  round  bottom  flask  and  stirred  at  reflux.  Next,  Au  nanoparticles  (10  mg, 

~  0.01  mmol  of  ligand)  suspended  in  toluene  (2  mL)  were  added,  and  the  reaction  proceeded  to 
stir  at  reflux  for  2  hr.  The  reaction  was  cooled  to  RT,  and  the  particles  were  isolated  by  a  series 
of  centrifugation,  decanting,  and  resuspension  (5x)  with  CH3OH.  Volatile  materials  were 
removed  under  vacuum  to  yield  PEG- Au  (64  mg)  as  a  magenta  powder. 
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2.3.9  Functionalization  of  Au  Nanoparticles  With  a-mercapto-co-methoxv  poly(styrene)-b- 
PEG  (PEG-p(St)-Au) 

a-Mercapto-co-methoxy  poly(styrene)-b-PEG  (1  g,  0.025  mmol),  toluene  (8  mL),  and  a  stir  bar 
were  loaded  into  a  25-mL  round  bottom  flask  and  stirred  at  reflux.  Next,  Au  nanoparticles 
(10  mg,  -0.01  mmol  of  ligand)  suspended  in  toluene  (2  mL)  were  added,  and  the  reaction 
proceeded  to  stir  at  reflux  for  2  hr.  The  reaction  was  cooled  to  RT,  and  the  particles  were 
isolated  by  a  series  of  centrifugation,  decanting,  and  resuspension  (5x)  with  THF/EtOH  (3:2). 
Volatile  materials  were  removed  under  vacuum  to  yield  PEG-b-PS-Au  (750  mg)  as  a  magenta 
powder. 

2.3.10  Diels-Alder  Reaction  Between  Polymer  1  and  Polymer  3-Au  (l-DA-3  Au) 

Polymer  1  (630  mg,  1.0  mmol),  polymer  3-Au  (1.3  g),  THF  (40  mL),  and  a  stir  bar  were  loaded 
into  a  100-mL  round  bottom  flask  and  stirred  at  60  °C  for  5  days.  The  reaction  was  cooled  to 
RT,  and  the  particles  were  isolated  by  a  series  of  centrifugation,  decanting,  and  resuspension 
(5x)  with  THF/MeOH  (1 :3).  Volatile  materials  were  removed  under  vacuum  to  yield  l-DA-3 
Au  (0.98  g)  as  a  magenta  powder. 

Figures  2-4  illustrate  the  synthetic  route  utilized  to  ultimately  form  the  DA-linked  PEG-b-PS 
copolymer  ligand  required  for  nanoparticle  functionalization.  Commercially  available 
a-methoxy-co-hydroxy  PEG  (Mn  -  550  g/mol,  PDI  <  1.05)  was  treated  with  methane  sulfonyl 
chloride  to  convert  the  co-chain  end  into  a  mesylate.  After  the  addition  of  maleimide,  N 
alkylation  occurred  under  basic  conditions  to  yield  a-methoxy-co-maleimido  PEG  (polymer  1)  in 
95%  yield  (figure  2).  Reversible  addition  fragmentation  transfer  (RAFT)  polymerization  of 
styrene  was  chosen  to  address  the  need  for  an  a-furyl-co-mercapto  PS,  as  previous  work  has 
demonstrated  the  facile  transformation  of  the  dithioester  chain  end  to  a  mercapto  functionality 
(25,  30).  Furyl  alcohol  was  transformed  into  a  RAFT  polymerization  initiator  in  two  steps  with 
an  overall  yield  of  85%  (figure  3).  Typical  RAFT  polymerization  conditions  of  styrene  utilize 
thermal  initiation,  in  which  radical  formation  occurs  after  a  DA  reaction  between  two  styrene 
molecules.  Attempts  to  use  thermal  initiation  resulted  in  the  preparation  of  PS,  but  an  unwanted 


Figure  2.  Synthetic  route  for  preparation  of  a-maleimido-co-methoxy  poly(ethylene  glycol) 

(polymer  1).  Conditions:  (a)  Et3N,  MsCl,  CH2C12,  0  °C  -  RT,  4  hr;  (b)  solid  K2C03, 
maleimide,  THF,  reflux,  12  hr. 
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Figure  3.  Synthetic  route  for  preparation  of  RAFT  initiator.  Conditions:  (a)  Et3N,  2-bromopropionyl 

bromide,  CH2C12,  0  °C  -  RT,  12  hr;  (b)  THF,  -78  °C  for  15  min,  RT  for  1  hr;  (c)  THF,  RT,  5  hr. 


Figure  4.  Synthetic  route  for  preparation  of  furyl  functionalized  Au  nanoparticles  (polymer  3-Au). 

Conditions:  (a)  AIBN,  THF,  70  °C,  19  hr;  (b)  NaBH4,  EtOH,  THF,  RT,  20  hr;  (c)  toluene,  reflux, 

2  hr. 

DA  reaction  occurred  between  a  styrene  molecule  and  the  RAFT  initiator,  which  eliminated  the 
desired  chain  end  functionality.  Therefore,  AIBN  was  employed  as  a  radical  source  to  reduce 
reaction  temperatures  and  eliminate  unwanted  DA  reactions,  as  shown  in  figure  4.  Figure  5 
displays  a  gel  permeation  chromatograph  of  polymer  2,  illustrating  a  narrow  Gaussian 
distribution  typical  of  polymers  prepared  using  RAFT  polymerization. 

Preliminary  experiments  demonstrated  the  ability  to  tether  polymer  1  and  polymer  2  via  Diels- 
Alder  reactions,  a-Methoxy-co  -maleimido  PEG  was  stirred  at  60  °C  in  THF  with  a-furyl-co-S- 
thiobenzoyl  PS  for  several  days.  After  5  days,  the  sample  was  precipitated  in  CH3OH,  and  the 
isolated  polymer  was  analyzed  by  *H  NMR,  shown  in  figure  1.  The  appearance  of  methylene 
peaks  at  3.60  ppm  confirmed  the  presence  of  polymer  2  demonstrating  the  ability  to  tether 
polymer  1  and  polymer  2  together  via  a  Diels- Alder  reaction  to  yield  the  l-DA-2  copolymer  that 
is  analogous  to  the  polymer  ligand  needed  for  the  compatibilization  of  the  nanoparticles  with  the 
PEG  matrix.  To  demonstrate  the  reversibility  of  this  chemistry,  the  isolated  l-DA-2  copolymer 
was  dissolved  in  toluene  and  heated  at  90  °C  for  12  hr.  The  reaction  mixture  was  precipitated 
into  CH3OH,  and  the  resulting  polymer  was  analyzed  by  H  NMR.  The  absence  of  methylene 
peaks  at  3.60  ppm  in  figure  1  implied  the  Diels-Alder  linkage  had  been  severed.  Polymer  2 
precipitated  upon  addition  of  CH3OH  while  polymer  1  remained  in  solution.  Although  not 
displayed,  peaks  at  1-3  ppm  and  6. 8-7.4  ppm  typical  of  PS  were  also  observed. 
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Figure  5.  Gel  permeation  chromatograph  of  polymer  2. 
Mn  -  4,600;  PDI-  1.14. 


Au  nanoparticles  were  prepared  according  to  a  previously  published  method  (31),  then 
characterized  by  SAXS  and  TEM.  The  SAXS  data,  fit  using  a  log-normal  size  distribution  for  a 
spherical  particle  shape,  are  shown  in  figure  6.  Also  given  in  figure  6  are  the  volume  distribution 
of  particle  sizes,  the  scattering  data  generated  from  the  particle  form  factor,  and  the  normalized 
residual.  The  particle  size  distribution  mode  was  found  to  be  8.93  nm,  the  median  9.82  nm,  and 
the  mean  10.07  nm.  Oscillations  in  the  residual  are  most  likely  due  to  a  small  amount  of 
interparticle  scattering  despite  the  low  concentration,  and  the  noise  in  the  residual  at  large  q  is 
clearly  due  to  a  low  signal-to-noise  ratio. 

Figure  7  depicts  a  typical  TEM  micrograph  of  oleylamine  functionalized  Au  nanoparticles. 
Analysis  using  the  ImageJ  program,  which  is  available  free  of  charge  from  the  NIH  website  (26), 
resulted  in  a  nanoparticle  diameter  of  12  nm  ±  7  nm,  which  is  in  good  agreement  with  size 
distribution  determined  from  SAXS.  Minor  deviations  can  be  attributed  to  threshold  and 
minimum  pixel  size  utilized  within  the  ImageJ  analysis.  In  addition,  the  presence  of  multilayers 
of  particles  will  skew  analysis. 

Next,  a-furyl-co-S-thiobenzoyl  PS  was  treated  with  NaBELj  to  prepare  a-furyl-co-mercapto  PS, 
polymer  3,  which  was  utilized  in  a  ligand  exchange  reaction  to  functionalize  Au  nanoparticles, 
polymer  3-Au,  as  shown  in  figure  4.  Then,  furyl  functionalized  Au  nanoparticles  were  stirred  at 
60  °C  in  THF  with  excess  equivalents  polymer  1  for  several  days  to  yield  l-DA-3  di-block 
copolymer  functionalized  Au  nanoparticles,  l-DA-3  Au.  Repeated  cycles  of  centrifugation, 
decanting,  and  resuspension  were  used  to  remove  excess  polymer  1.  The  resulting  l-DA-3  Au 
was  stored  as  a  stock  solution  in  THF.  Figure  7  depicts  a  typical  TEM  micrograph  of 
l-DA-3  Au.  The  increased  spacing  between  the  nanoparticles  indicates  the  presence  of  polymer 
and  alludes  to  successful  functionalization  of  the  particles. 
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Figure  6.  Analysis  of  SAXS  data  of  Au  nanoparticles  yielding  a 
particle  size  distribution  of  8.9  nm  ±  3  nm. 


Figure  7.  TEM  analysis  of  (a)  oleylamine  functionalized  Au  nanoparticles  (12  nm  ±  7  nm) 

and  (b)  polymer  3-Au  nanoparticles  (11  nm  ±  6  nm)  displaying  an  increased  spacing 
due  to  the  presence  of  polymer  3. 
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Polymer  films  were  then  prepared  by  dissolving  a  PEG  matrix  (Mn  -  2k  or  5k;  PDI  <  1.05)  in 
THF  and  adding  various  amounts  of  the  l-DA-3  Au  stock  solution.  Slow  evaporation  of  solvent 
reduced  drying  defects  and  resulted  in  polymer  films  with  thicknesses  ranging  from 
350-700  pm.  The  fdms  were  annealed  at  various  temperatures  and  times  and  subsequently 
characterized  by  contact  angle  measurements,  SAXS,  and  RBS  to  explore  the  migration  of  the 
functionalized  Au  particles  within  the  PEG  matrix. 


3.  Results  and  Discussion 


Films  were  annealed  at  various  temperatures  and  times  and  subsequently  characterized  by 
contact  angle  measurements,  RBS,  and  SAXS  to  explore  the  location  and  migration  of  the 
functionalized  Au  particles  within  the  polyethylene  glycol)  (PEG)  matrix.  RBS  is  a  technique 
that  allows  the  characterization  of  a  surface  to  a  depth  of  approximately  2  pm.  A  beam  of  ions, 
typically  He+,  is  targeted  onto  a  surface.  As  the  ions  collide  with  the  different  atomic  nuclei 
present  in  the  film,  some  ions  are  absorbed  while  others  backscatter.  The  scattering  intensity  is 
dependent  upon  the  location  and  atomic  mass  of  the  nuclei. 

Figure  8  depicts  contact  angle  measurements  of  films  composed  of  2000-g/mol  PEG  containing 
0.5  to  4  weight-percent  of  l-DA-3  Au  additive  that  were  annealed  at  60  °C  and  90  °C  for  24  hr. 
Anneal  temperatures  were  chosen  to  shift  the  DA  equilibrium  towards  the  adduct  (60  °C)  or 
individual  components  (90  °C)  illustrated  in  figure  9.  After  annealing  at  60  °C  for  24  hr,  the 


Figure  8.  Contact  angle  measurement  data  for  films  comprised  of 
2k  PEG  containing  various  weight-percent  of  l-DA-3  Au 
additive  after  annealing  at  60  °C  and  90  °C  for  24  hr. 
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resulting  contact  angle  was  independent  of  the  weight-percent  of  additive  within  the  matrix  and 
was  within  experimental  error  of  pure  PEG  (30°  ±  5°)  (32).  Thus,  the  PEG  shell  effectively 
served  to  compatiblize  the  PS-Au  core  from  the  surrounding  PEG  matrix. 

RBS  analysis  of  the  same  samples  indicated  that  a  small  amount  of  particle  migration  occurred 
after  annealing  at  60  °C  (figure  10).  At  this  temperature,  the  formation  of  the  DA  adduct  is 
favored,  but  exists  in  equilibrium  with  the  back  reaction.  Therefore,  once  the  DA  adduct  is 
severed,  polymer  1  is  able  to  diffuse  away  into  the  PEG  matrix;  however,  the  high  viscosity  that 
exists  at  60  °C  retards  particle  migration,  which  reduces  the  likelihood  of  reformation  of  the  DA 
adduct,  allowing  minor  phase  separation.  Allowing  film  formation  to  occur  at  RT  resulted  in  a 
random  distribution  of  Au  particles. 


Energy  {MeVJ 
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Figure  10.  RBS  analysis  for  films  comprised  of  2k  PEG  containing 
4  weight-percent  of  1  -DA-3  Au  additive  after  annealing 
at  RT,  60  °C  and  90  °C  for  24  hr. 
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After  annealing  the  films  at  90  °C  for  24  hr,  significant  changes  in  the  contact  angle  occur  that 
are  dependent  upon  the  weight-percent  of  additive  present.  At  90  °C,  cleavage  of  the  DA  adduct 
is  favored,  and  the  decreased  viscosity  allows  particle  migration  to  occur.  Such  an  increase  in 
the  contact  angle  indicates  a  reduction  of  surface  energy  that  is  most  likely  caused  by  the 
presence  of  the  PS  functionalized  Au  nanoparticles  at  the  surface.  RBS  analysis  displays  a 
dramatic  enhancement  in  the  concentration  of  Au  atoms  at  the  surface  and  supports  the  notion  of 
particle  migration. 

SAXS  analysis  of  the  films  support  these  claims  with  the  appearance  of  a  Bragg-like  peak  after 
annealing  at  60  °C,  shown  in  figure  1 1 .  As  previously  mentioned,  the  equilibrium  nature  of  the 
DA  reaction  causes  minor  phase  separation  to  reduce  interaction  energies  between  the  exposed 
PS  and  the  PEG  matrix  resulting  in  particle  aggregation.  After  the  films  are  annealed  at  90  °C, 
SAXS  analysis  indicates  scattering  from  only  the  individual  Au  nanoparticles.  In  addition,  the 
peak  shape  indicates  that  there  is  no  higher  ordering  present,  corresponding  to  a  large 
aggregation  of  functionalized  Au  nanoparticles  at  the  surface. 


Figure  1 1 .  SAXS  analysis  for  films  comprised  of  2k  PEG 

containing  4  weight-percent  of  l-DA-3  Au  additive  after 
annealing  at  60  °C  and  90  °C  for  24  hr. 

Control  experiments  were  conducted  to  exemplify  the  need  of  each  component  of  the  proposed 
system.  First,  5  weight-percent  of  polymer  3  was  dispersed  within  a  5000-g/mol  PEG  matrix. 
Contact  angle  measurements  of  the  corresponding  films  after  annealing  at  60  °C  and  90  °C 
resulted  in  identical  results  of  58°  ±  2°,  indicating  that  for  both  annealing  temperatures,  the  PS 
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preferentially  phase  separates  to  the  air  interface  to  reduce  surface  energy,  resulting  in  a  larger 
contact  angle  measurement  than  that  of  pure  PEG. 

Next,  Au  nanoparticles  were  functionalized  with  two  different  mercapto  terminated  polymers, 
a-mercapto-co-methoxy  PEG  (Mn  -  5k;  PDI  <  1 .05)  and  a  a-mercapto-co-methoxy  PS-b-PEG 
(Mn  -  40k;  PDI  -  1.22;  88  weight-percent  St),  respectively.  The  functionalized  Au  nanoparticles 
were  dispersed  at  5  weight-percent  in  a  5000-g/mol  PEG  matrix  and  annealed  at  60  °C  and  90  °C 
for  24  hr.  Contact  angle  measurements  in  conjunction  with  RBS  analysis  indicate  that  no 
particle  migration  occurred  regardless  of  anneal  temperature.  These  control  experiments  indicate 
three  principles:  (1)  PS  will  phase  separate  to  the  air  interface  when  dispersed  within  a  PEG 
matrix  to  reduce  surface  energy,  (2)  PS  is  needed  to  induce  migration  of  the  Au  particles,  and  (3) 
a  DA  linkage  between  the  blocks  is  necessary  to  expose  the  PS-Au  core  to  the  PEG  matrix. 

In  summary,  poly(styrene)  and  polyethylene  glycol)  polymers  with  maleimide  and  furyl  chain 
end  functionality  were  prepared  in  high  yield,  then  assembled  using  Diels-Alder  reactions. 
Subsequently,  Au  nanoparticles  were  synthesized,  functionalized  with  Diels-Alder  assembled 
PS-b-PEG  copolymers,  and  homogenously  dispersed  within  a  PEG  matrix.  Thermal  treatment  of 
the  films  was  found  to  cleave  the  diblock  copolymer,  rendering  the  PS  functionalized  Au 
nanoparticles  immiscible  with  the  PEG  matrices.  This  caused  migration  of  the  functionalized  Au 
nanoparticles  to  the  film  surfaces  as  indicated  by  contact  angle  measurements,  RBS  analysis,  and 
control  experiments.  Further  investigations  into  the  migration  process  are  currently  being 
explored. 
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